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The human ABCA1 transporter moves lipids from within the membrane through a narrow gate to support HDL biosynthesis.
INTRODUCTION
Cardiovascular disease (CVD) is the leading cause for death in industrialized countries (Heron, 2013) . Clinical studies suggest that the plasma level of high-density lipoprotein (HDL) is inversely related to the incidence of CVD (Despré s et al., 2000; Gordon et al., 1989) . The primary function of HDL is to transport cholesterol from peripheral tissues to liver by a process called the reverse cholesterol transport, which may prevent foam cell formation and atherosclerosis by clearing excess cholesterol from arterial vessels (Khera et al., 2011; Lewis and Rader, 2005) . To initiate the reverse cholesterol transport, phospholipids and cholesterol are exported by an ATP-binding cassette (ABC) transporter ABCA1 and subsequently loaded to lipidfree apolipoprotein A-1 (apoA-I) to form nascent HDL. The ABCA1-mediated lipid export and loading to apoA-I represents the rate-controlling step in HDL biogenesis (Lee and Parks, 2005; Oram and Lawn, 2001; Oram et al., 2000; Smith et al., 2004) .
ABCA1, cloned in 1994 and originally named as ABC1 (Luciani et al., 1994) , was identified to be the disease-causing gene for Tangier disease (TD), a rare genetic disorder that exhibits severe reduction of HDL and high incidence of premature CVD (Bodzioch et al., 1999; Brooks-Wilson et al., 1999; Rust et al., 1999) . Mutations of ABCA1 have also been detected in less severe familial HDL deficiency Marcil et al., 1999) . These characterizations established the essential role of ABCA1 in HDL biogenesis. Although direct interaction between ABCA1 and apoA-I has been suggested based on chemical cross-linking experiments (Fitzgerald et al., 2004; Nagao et al., 2012a; Vedhachalam et al., 2007b; Wang et al., 2000) , the molecular mechanism of ABCA1-mediated lipid export and nascent HDL formation remains largely elusive. Furthermore, the predominant substrates for ABCA1 are still controversial and several models have been proposed for the process of lipid export and subsequent nascent HDL formation (Fielding et al., 2000; Gulshan et al., 2016; Hamon et al., 2000; Landry et al., 2006; Mulya et al., 2007; Nagao et al., 2010; Smith et al., 2004; Vedhachalam et al., 2007a; Wang et al., 2001 Wang et al., , 2003 .
The human ABC transporter superfamily consists of 49 members that are further divided into seven subfamilies, A to G, based on their phylogenetic distance (Dean et al., 2001; Vasiliou et al., 2009) (Table S1 ). Unlike prokaryotic ABC transporters that comprise a large number of both exporters and importers, all the known eukaryotic ABC transporters are exporters except for ABCA4 (Quazi et al., 2012) . The physiological importance of ABCA subfamily proteins is underscored by their association with various inherited diseases, such as the Stargardt disease (ABCA4) (Allikmets et al., 1997b) , the age-related macular degeneration (ABCA4) (Allikmets et al., 1997a) , the fatal surfactant deficiency (ABCA3) (Shulenin et al., 2004) , the interstitial lung disease (ABCA3) (Bullard et al., 2005) , the Harlequin ichthyosis (ABCA12) (Kelsell et al., 2005) , and schizophrenia and bipolar disorder (ABCA13) (Knight et al., 2009 ). To our knowledge, the only structural information of the ABCA subfamily came from an electron microscopic reconstruction of the bovine ABCA4 at a nominal resolution of 18 Å (Tsybovsky et al., 2013) (Table S1 ).
The human ABCA1, 2,261 amino acids (aa) in length, was predicted to contain two transmembrane domains (TMDs) (Bungert et al., 2001) . Each TMD, consisting of six TMs, is followed by a cytoplasmic region comprising one nucleotide-binding domain (NBD) and one small regulatory (R) domain. The NBDs and R domains are the most conserved elements among the ABCA subfamily (Peelman et al., 2003) . Distinct from all the other ABC transporters and unique to the ABCA subfamily, ABCA1 has two large extracellular domains, ECD1 between TM1 and TM2 and ECD2 between TM7 and TM8 (Kaminski et al., 2006; Peelman et al., 2003) . It is suggested that the ECDs of ABCA1 are responsible for binding to apoA-I (Fitzgerald et al., 2002) , and the ECDs of ABCA4 might interact with substrate (Biswas-Fiss et al., 2010) . Nevertheless, additional evidence is required to define the biological function of the ECDs of ABCA1.
Despite the central role of ABCA1 in cholesterol homeostasis and biomedical implications in protecting against CVD, the structure and molecular mechanisms for ABCA1-mediated lipid export and nascent HDL formation remain largely unknown. Here, we report the structure of the human ABCA1 determined by single-particle cryoelectron microscopy (cryo-EM) with the nominal resolutions of 4.1 Å for the overall structure and 3.9 Å for the ECD. The structure provides an important framework for mechanistic understanding of the function and disease mechanism of ABCA1.
RESULTS

Biochemical Characterizations of Human ABCA1
The details of recombinant expression and purification of the fulllength human ABCA1 in baculovirus-infected insect cells are presented in the STAR Methods. The proteins appear to be stable and homogeneous after extraction and purification in various detergent micelles (Figures 1A and S1A) . To test whether the recombinant proteins were functional, the ATPase activities of purified ABCA1 in different detergents were examined. The ATPase activity of wild-type (WT) ABCA1 extracted and purified with n-dodecyl-b-D-maltoside (DDM) plus cholesteryl hemisuccinate (CHS) was immediately detected. The negative control, a variant designated the MM mutant that harbors two point mutations in (A) The last step purification of human ABCA1 using size exclusion chromatography (SEC) in the presence of digitonin. The peak fractions were pooled for biochemical and structural characterizations. An aliquot of the pooled protein was resolved on SDS-PAGE and visualized by Coomassie-blue staining. (B) Measurement of ATPase activities of the ABCA1 variants purified in the indicated detergents. WT, wild-type; MM, double point mutations K939M and K1952M; DDM, n-dodecyl-b-D-maltoside; CHS, cholesteryl hemisuccinate. Each data point is the average of three independent experiments and error bars represent SD. Please refer to the STAR Methods for details. (C) Representative cryo-EM micrograph and 2D class averages. (D) The overall structure of ABCA1. The structure on the left is colored in rainbow with the amino and carboxyl termini colored blue and red, respectively. The R domain is colored silver. The structures on the middle and right are domain colored. The glycosyl groups are shown as black sticks. All structure figures were prepared in PyMol (DeLano, 2002) . See also Figures S1, S2, and S3 and Tables S1 and S2.
Walker A motifs of NBD1 and NBD2 (K939M/K1952M) was devoid of ATPase activity ( Figure 1B , left). The K m and V max for the ATPase activity of WT ABCA1 in DDM plus CHS micelles were measured to be $0.24 mM and $237 nmol/mg/min, respectively, comparable to those of ABCA1 reconstituted in liposomes with K m of $0.112 mM and V max of 200-900 nmol/mg/min (Quazi and Molday, 2013; Takahashi et al., 2006) .
When the protein was purified with digitonin, however, the maximal ATPase activity of ABCA1 was <10% of that in DDM plus CHS, with the K m and V max values of $0.67 mM and $18 nmol/mg/min, respectively ( Figure 1B, right) . Nevertheless, the protein purified with digitonin appeared most suitable for single-particle cryo-EM imaging, probably owing to increased stability. We therefore sought to determine the structure of ABCA1 in digitonin micelles ( Figure 1C ).
Structural Determination of Human ABCA1
Details of grid preparation, cryo-EM data acquisition, and structural determination of ABCA1 can be found in the STAR Methods and Figures S1 and S2. The overall resolution of the EM map is calculated to 4.1 Å out of 790,156 selected particles according to the gold-standard Fourier shell correlation (FSC) 0.143 criterion ( Figure S1D ; Table S2 ). Even in the 2D classification, a unique contour of the extracellular domain can be distinguished ( Figure 1C ). To further improve the resolution of this domain that has never been observed in any other structures of ABC transporters, soft mask was applied and the resolution was increased to 3.9 Å ( Figure S1D ; Table S2 ).
The EM maps were well resolved for the majority of the ECD and TMD sequences, allowing de novo model building for 1,065 residues with side chains and 330 residues with backbone tracing only (Figures S1C, S3A, and S3B; Table S2 ). The densities for the intracellular region were of lower resolutions. Fortunately, the structures of the NBDs from human ABCG5/G8 (PDB: 5DO7) can be docked into the map with merely minor adjustment ( Figure S3C ). After assignment of two complete NBDs, additional densities that may correspond to the R domains were observed below the NBDs, for which poly-Ala were assigned ( Figure S3D ). In addition to the polypeptide chain, 12 sugar moieties were built into 7 glycosylation sites on the ECDs. These glycosylation sites in turn validated sequence assignment ( Figure S3E ).
The overall structure resembles an elongated torch with $200 Å in height ( Figure 1D ). The ECD is the upward flaring flame that is $100 Å high, and the TMD and intracellular domains constitute the handle.
The Discretely Folded Transmembrane Domains
The first high-resolution structure of ABC exporter was that of the bacterial multidrug transporter Sav1866, in which TM swapping of the two TMDs is a prominent structural feature (Dawson and Locher, 2006) . The TMD fold of Sav1866 was subsequently found in all reported structures of ABC exporters except that of human ABCG5/G8, wherein the two TMDs are discretely folded without TM swapping (Lee et al., 2016) . The transmembrane domain folds of Sav1866 and ABCG5/G8 were then defined as type I and type II exporter, respectively.
The structure of ABCA1 comprises two separately folded TMDs, a hallmark of the type II exporter (Figures 2A and 2B ).
The TMD1 and TMD2 each contains six TMs with nearly no cytoplasmic extensions observed in the type I exporters ( Figure S4 ). The ATP-dependent substrate translocation across lipid bilayer requires allosteric communication between NBDs and TMDs. Each TMD of ABCA1 contains two transverse helices, which precede the first TM and between the second and third TMs, respectively (IH1/2 in TMD1 and IH3/4 in TMD2), on the intracellular boundary of the membrane ( Figure 2B ). The four intracellular transverse helices are interfacial between TMDs and NBDs and referred to as the coupling helices. In type I ABC exporters, the coupling helices extend beyond the lipid bilayer into the cytoplasm ( Figure S4 ).
It is noted that the sequences between TMs 5 and 6 and between the corresponding TMs 11 and 12 form V-shaped a-helical hairpins that half-penetrating into the membrane and are designated as the extracellular helices EH (Figures 2A and 2B ). Similar helical segments are present in the structure of ABCG5/G8, but not in type I ABC exporters (Lee et al., 2016) , suggesting a potentially common structural feature for the type II ABC exporters.
At first sight, the TMD of ABCA1 appears to exhibit an outward-facing conformation with TMD1 and TMD2 contacting each other on the intracellular boundary of the membrane (Figure 2C ). However, a close examination reveals that TMD1 and TMD2 contact each other through a narrow interface between TM5 and TM11 ( Figure 2B ). Other than the limited contact areas on each domain, all the other side surfaces of TMD1 and TMD2 are completely exposed to the lipid bilayer in the current conformation ( Figure 2D ). Therefore, the lipid substrates from the inner leaflet of the membrane may still be able to access to the substrate binding site in this seemingly ''outward-facing'' conformation in principle if (1) the formation of the substrate binding site does not require specific orientations of TMD1 and TMD2, and (2) the substrate binding site does not coincide with the observed interface between TMD1 and TMD2 in the structure. Interestingly, a density that may belong to a lipid or a detergent molecule was found in the shallow pocket enclosed by the intracellular segments of TMs 1/2/5 during structural refinement ( Figure 2E ). In particular, the residues from TMs 1/2/5 that constitute the pocket are mostly polar and charged residues, which may be responsible for binding to the polar heads of phospholipids (Figure 2E, left inset) .
Distinct Conformations between the Nucleotide-free ABCA1 and ABCG5/G8 ABCA1 and ABCG5/G8 are the only two type II ABC exporters whose structures are available ( Figure 3A ). Structural comparison of the TMDs of ABCA1 and ABCG5/G8 reveals similarity in the general structural organization of TMDs, including six TMs, two IHs (named as the connecting helix CnH and the coupling helix CpH in ABCG5/G8), and several EHs (named as the extracellular domain ECD in ABCG5/G8) ( Figure 3A ). In ABCG5/G8, CnH and CpH pack against a short helix in NBD, which was designated as the E-helix. ABCA1 also contains the corresponding E-helix in each NBD that interacts with IH1/2 and IH3/4 (Figure 3A) . The R1 and R2 domains of ABCA1 closely contact each other, representing a structural latch that may stabilize the interactions between NBD1 and NBD2 ( Figure 3A ). The presence of R domains may enhance the cooperativity between the two halves of the ABCA1 transporter and modulate the transport activity. Similarly, the two NBDs in ABCG5/G8 contact each other at the cytoplasmic end through a pair of NPXDF motifs (Figure 3A) . In most of the type I ABC exporter structures, however, the two NBDs are fully separated in the nucleotide-free state ( Figure S4 ).
Despite that ABCA1 and ABCG5/G8 belong to different ABC subfamilies and the fact that ABCA1 comprises one single polypeptide chain whereas ABCG5/G8 is a heterodimer, the TMDs of (D) TMD1 and TMD2 of ABCA1 contact each other through a narrow interface within the intracellular leaflet of the membrane. Other than the limited contact area between TMD1 and TMD2, the side surfaces of TMDs are completely exposed to the lipid bilayer. Shown here is an extracellular view. (E) A density that resembles a lipid or detergent molecule is found in a shallow surface cavity on TMD1. The putative molecule, located in the intracellular leaflet of the membrane, stands between TMD1 and TMD2. The density, contoured at 4 s, is shown as black mesh. An identical view of the density is shown on the right for visual clarity. Left inset: The cluster of polar and charged residues from TMs 1/2/5 of TMD1 may be responsible for coordination of the polar moiety of a lipid molecule. See also Figure S4 . ABCA1 and ABCG5/G8 share 14% sequence identity and 35%-40% similarity, suggesting evolutionary relevance between ABCA and ABCG subfamilies ( Figure S5 ). In addition, the two ABC structures can be superimposed with root-mean-square deviation values of 4.8 Å over 249 Ca atoms for A1-TMD1/G5-TMD and 4.5 Å over 266 Ca atoms for A1-TMD2/G8-TMD ( Figure 3B ).
The ABCA1 protein for data acquisition was prepared in the absence of nucleotide. The spatial separation between opposing Walker A and ABC signature motifs supports that ABCA1 structure indeed represents a nucleotide-free state (Rees et al., 2009 ) ( Figure 3A , bottom row). Interestingly, although both are in the nucleotide-free state, the TMD of ABCA1 exhibits the seemingly ''outward-facing'' conformation, whereas that of the ABCG5/G8 is inward-facing ( Figure 3A) . The relative rotations between the contiguous TMDs and NBDs in part count for the distinct transmembrane conformations between ABCA1 and ABCG5/G8 (Figure 3C) . It is noteworthy that the unexpected ''outward-facing'' conformation of ABCA1 is distinct from all the other reported nucleotide-free ABC exporter structures, which exclusively exhibit inward-facing conformations, including those of MsbA (Ward et al., 2007) , P-glycoprotein (Aller et al., 2009; Jin et al., 2012; Kodan et al., 2014) , ABCB10 (Shintre et al., 2013) , TM287/288 (Hohl et al., 2014) , TmrAB (Kim et al., 2015) , Atm1 (Lee et al., 2014; Srinivasan et al., 2014) , PCAT (Lin et al., 2015) , PglK (Perez et al., 2015) , TAP (Oldham et al., 2016) , ABCG5/G8 (Lee et al., 2016) , CFTR (Liu et al., 2017; Zhang and Chen, 2016) , SUR1 (Li et al., 2017; Martin et al., 2017) , and MRP1 (Johnson and Chen, 2017) . Therefore, ABCA1 appears to be an outlier among the ABC exporters whose structures have been captured.
The Extracellular Domain
The extracellular domain contains ECD1 and ECD2 in the primary sequence. ECD1 consists of 583 aa (residues 47-629), and ECD2 has 270 aa (residues 1369-1639) ( Figures S6A and  S6B ). In the three-dimensional structure, the two ECDs are co-folded in a twisted manner, placing ECD1 largely above TMD2 and ECD2 on top of TMD1 ( Figure 4A ). Dali search of PDB (Holm and Rosenströ m, 2010) suggests that the (A) Structural similarity between the outward-facing ABCA1 (ECDs omitted) and the inward-facing hABCG5/G8 (PDB: 5DO7). ABCA1 comprises one single polypeptide chain, while ABCG5/G8 is a heterodimer. Although they belong to different subfamilies, the two exporters share similar structural fold for the TMD and NBD regions. Bottom row: The ABC signature sequences and Walker A motifs in the two exporters are highlighted. The spatial separation of these motifs supports the nucleotide-free state of ABCA1-NBDs. (B) Structural similarity of the individual TMDs between ABCA1 and ABCG5/G8. When compared individually, the two ABC structures can be superimposed with root-mean-square deviation values of 4.8 Å / 249 Ca atoms for A1-TMD1/G5-TMD and 4.5 Å /266 Ca atoms for A1-TMD2/G8-TMD. (C) The relative rotations between TMDs and NBDs in part count for the distinct transmembrane conformations between ABCA1 and ABCG5/G8. The structure of TMD1 and NBD1 of ABCA1 is overlaid with ABCG5 relative to NBD; that of TMD2 and NBD2 of ABCA1 is compared to ABCG8 relative to NBD. While the corresponding IH motifs can be well superimposed, the corresponding transmembrane domains each undergo pronounced rotations between ABCA1 and ABCG5/G8. For visual clarity, ABCA1 is domain colored and ABCG5/G8 is colored silver. See also Figures S4 and S5. extracellular domains of ABCA1 have a novel fold ( Figures S6C  and S6D) .
The flame-shaped extracellular domain can be divided to three layers from top to bottom, the lid, the tunnel, and the base (Figure 4B) . The base is co-constituted by sequences from both ECD1 and ECD2, comprising one a/b domain from ECD1 and another a/b domain from ECD2. Above the base, the tunnel is primarily formed by a helices from ECD1 and an a-helical hairpin from ECD2. We will describe the tunnel in detail in the next section. The lid, consisting of a small a/b domain from ECD1, sits on top of the tunnel ( Figure 4B ).
Further structural examination shows that ECD1, consisting of 21 a helices and 10 b strands, folds to four distinct domains ( Figure S6A ). To facilitate structural illustration, we name these domains, from bottom to top, the base domain I, the helical domains (HD) I and II, and the lid domain ( Figures 4C and  S6E ). The smaller ECD2 comprises six a helices and seven b sheets that constitute two distinct structural moieties, the base domain II and the helical domain III, the latter being Figure S6C . (D) Structural elements from ECD1 and ECD2 cofold to form the base and tunnel. In the upper panel, the ECD1 and ECD2 are shown as surface electrostatic potential and cartoon, respectively. The co-folding between base domain I and base domain II is shown in the lower panel. See also Figure S6 .
the aforementioned a-helical hairpin ( Figures 4D, S6B , and S6F).
As described above, ECD1 and ECD2 together constitute the base, whereas the distal region of ECD is mainly formed by ECD1. The two ECDs pack against each other through extensive interactions at the base and the tunnel ( Figure 4D ). In the structure, three and one pairs of disulfide bond have been observed within the ECD1 and ECD2, respectively ( Figure S6G ), among which two (Cys75-Cys309 and Cys1465-Cys1477) were shown to be essential for the in vivo function of ABCA1 (Hozoji et al., 2009 ). The other two are formed between Cys54 and Cys81 and between Cys355 and Cys504 in ECD1. These disulfide bonds, which are all located on the loops of the base and the bottom of the tunnel, may stabilize the overall extracellular structure ( Figure S6G ).
A Hydrophobic Tunnel within ECD
Despite the stability of the overall ECD, it has a hollow interior. The helical domains (HD) in ECD1 and ECD2 together enclose an elongated tunnel that is $60 Å in height ( Figure 5A ). The tunnel is predominantly, but not entirely, hydrophobic ( Figure 5B ). ABCA1 mediates the delivery of phospholipids and cholesterol from the membrane to the apoA-I and the ECD of ABCA1 is responsible for accommodating apoA-I (Fitzgerald et al., 2002; Wang et al., 2000) . It is noted that discontinuous densities are observed tandemly lining up the tunnel ( Figure S6H ). Whether the densities belong to lipids or detergents remains to be characterized. Regardless, this structural observation supports that the hydrophobic tunnel may serve as a potentially temporary storage or delivery passage for lipids.
The tunnel is open to outside milieu on both the distal and proximal ends. Close to the lid, the tunnel is accessible to solvent through a narrow aperture that would preclude passage of lipids. On the proximal end, however, the opening is wide enough for lipids to pass through ( Figure 5A ). Intriguingly, the proximal end opening of the tunnel is away from the upper end of the transmembrane cavity by $30 Å in height ( Figure 5C ). This structural observation predicts that pronounced conformational changes would have to occur if the lipids were to be delivered from membrane to ECD.
Structural Interpretation of the Pathogenic Mutations
In total 97 missense mutations, most of which are associated with Tangier disease or HDL deficiency (Human Gene Mutations Database: http://www.hgmd.cf.ac.uk), have been identified in human ABCA1 (Table S3) . To reveal the mechanistic basis for the disease-causing mutations of ABCA1, several missense mutations have been examined in vitro (Fitzgerald et al., 2002; Gulshan et al., 2016; Nagao et al., 2009; Quazi and Molday, 2013; Rigot et al., 2002; Singaraja et al., 2006; Tanaka et al., 2003; Wang et al., 2013) . Different functional assays were con- ducted for ABCA1 variants, including the examination of cellular phospholipids and cholesterol efflux, subcellular localization, apoA-I binding, phospholipid flopping, ATP binding/hydrolysis and apoA-I unfolding. By correlating the mutations with their functional consequences, the mutations were categorized into four groups (Wang and Smith, 2014) . Group I, containing the majority of the characterized mutations, is defective in maturation and displays impaired subcellular localization. The second and third groups are deficient in phospholipid translocation and apoA-I binding, respectively. The fourth group has mutations in NBDs, resulting in abnormal ATP hydrolysis.
Structural elucidation of ABCA1 provides the framework to mechanistically understand the pathogenic mutations. Among the 97 ABCA1 missense mutations, 46 can be reliably mapped to the structure ( Figure 6A ). The others, including 40 predicted to reside in intracellular domains, 4 on the lid of ECD1, and 7 in the flexible region, are not analyzed due to the relatively poor resolutions of these regions ( Figure S1C ).
Among the mapped disease mutations, TMD1 and TMD2 harbor 8 and 9 residues, respectively. Notably, most of these residues are mapped near the interfaces between TMDs and NBDs and between TMDs and ECDs. These mutations may affect the conformational coupling of the functional domains. Among the extracellular disease mutations, 20 and 9 are mapped to the base and tunnel, respectively, reflecting the functional importance of these structural domains ( Figure 6A ).
The Tangier disease mutations, W590S on ECD1 and C1477R on ECD2, have been comprehensively characterized ( Figure 6A ). The single point mutation W590S leads to reduced phospholipid translocation (Nagao et al., 2009; Quazi and Molday, 2013) , although the W590S protein is correctly localized to the plasma membrane and shows similar apoA-I binding ability with the WT ABCA1 (Fitzgerald et al., 2002; Nagao et al., 2009; Rigot et al., 2002; Singaraja et al., 2006; Wang et al., 2013) . The structure reveals that Trp590 is in the vicinity to the bottom of the extracellular tunnel ( Figure 6A ), suggesting a potential involvement of this residue in the translocation of lipids from TMD to ECD. The C1477R variant is expressed in the plasma membrane and competent for phospholipid translocation. However, this single point mutation results in markedly reduced apoA-I binding (Fitzgerald et al., 2002 ). In the current structural conformation, Cys1477 is located in the base region of ECD2, close to the extracellular surface of TMD1 ( Figure 6A ). Chemical crosslinking experiments suggested that apoA-I might directly bind to ABCA1 (Fitzgerald et al., 2004; Nagao et al., 2012a; Vedhachalam et al., 2007b; Wang et al., 2000) . However, it was also proposed that most of the apoA-I on the cell surface is not directly bound to ABCA1 (Hassan et al., 2007; Vedhachalam et al., 2007b) . The structural observation suggests that the ABCA1 and lipid bilayer may bind with the apoA-I cooperatively near the membrane surface, a postulation awaiting experimental consolidation.
DISCUSSION
The ATP-dependent phospholipid flopping activity of ABCA1 has been recapitulated using purified proteins reconstituted into liposome in vitro without additional protein component (Quazi and Molday, 2013) . The structure presented here provides the framework for mechanistic understanding of the ABCA1-mediated phospholipid export. One unexpected observation is the lack of a central cavity in the TMD region. Despite the presence of a very thin ''intracellular gate'' of the TMD, the side surfaces of TMD1 and TMD2 are almost completely exposed to lipid bilayer. This structural feature may suggest a ''lateral access'' mechanism for substrate entrance from the membrane inner leaflet ( Figure 6B ), which is different from the conventional paradigm of alternating access.
It is of particular interest that the TMD of ABCA1 exhibits an ''outward-facing'' conformation even in the absence of nucleotide binding, distinct from any other known structure of nucleotide-free ABC exporters. This structural observation appears to support the outward-facing only mechanism proposed for the lipid-linked oligosaccharide (LLO) flopping by PglK, which does not invoke an inward-facing cavity to interact with the substrate (Perez et al., 2015) , and may be distinct from the proposed alternating-access lipid flopping mechanism for MsbA (Ward et al., 2007) . Supporting this notion, recent studies have suggested remarkable mechanistic diversity within the ABC transporter superfamily (Locher, 2016) . Even within the type I ABC exporters, distinct mechanistic models have been proposed for different proteins such as PglK and MsbA (Locher, 2016) . For the type II ABC exporters, ABCA1 and ABCG5/G8 are the only two members whose structures are available. Elucidation of the transport mechanism of the type II ABC exporters requires combinatorial approaches of structural, biochemical, and biophysical analysis.
The key step for lipid flopping is the transfer of the polar head across the hydrophobic barrier of the membrane. The structure of ABCA1 reveals a polar cluster on one side of TMD1 close to Figure 4A . The residues lining up the wall of the tunnel are colored brown. The residues Trp590 and Cys1477 that are respectively critical for phospholipid translocation and for apoA-I binding are highlighted by red and magenta. (B) A speculated ''lateral access'' mechanism for ABCA1-mediated lipid export. The structural analysis presented in Figure 2 suggests that the substrates on the inner leaflet of the membrane may bind to the transporter from the lateral even when the exporter is in the ''outward-facing'' conformation. It remains to be investigated whether ABCA1 observes the ''outward-facing'' only mechanism as proposed for the lipid-linked oligosaccharide (LLO) flopping transporter PglK (Perez et al., 2015) . The mechanism of transmembrane lipid export and the subsequent delivery from ABCA1 to the lipid-free apoA-I for nascent HDL formation is even more intriguing and remains to be investigated. See also Table S3. the intracellular boundary. More interestingly, a density that may belong to a lipid or detergent molecule is observed nearby (Figure 2E) . We therefore speculate that this polar cluster may be responsible for binding of the polar moiety of a lipid in the inner membrane leaflet. The ATP binding/hydrolysis and ADP dissociation-coupled conformational changes of NBDs may lead to the shift of TMD1 and TMD2 that delivers the bound polar group to another potential binding site in the TMDs of ABCA1 close to the outer leaflet ( Figure 6B ). Although the structure implies that ABCA1 and lipid bilayer may bind with the apoA-I cooperatively near the membrane surface, the mechanism of the substrate delivery from ABCA1 to apoA-I for nascent HDL formation remains elusive ( Figure 6B ). In addition, the functional role of the hydrophobic tunnel in ECD is yet to be characterized. Nonetheless, the structure suggests that pronounced conformational changes must occur if the substrates were to be delivered from membrane to the hydrophobic tunnel within ECDs, a notion supported by the previous report that the ATP hydrolysis at NBDs of ABCA1 could induce conformational changes of the ECDs (Nagao et al., 2012b) .
In sum, the EM structure of the human ABCA1 presented here represents a major step toward mechanistic understanding of ABCA1-mediated lipid export and nascent HDL biogenesis. Structural-based analysis suggests a plausible mechanism for the ABCA1-mediated phospholipid flopping, which may be different from the conventional alternating-access model for most primary and secondary transporters. Structures of ABCA1 in more conformations during a transport cycle and in complex with substrate are necessitated to fully understand the lipid transfer mechanism.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Culture Sf9 cells were cultured in SFX-Insect cell culture medium (HyClone) at 27 C.
METHOD DETAILS Protein expression and purification
The codon-optimized complementary DNA of full-length human ABCA1 (Uniprot: O95477) was subcloned into the pFastBac1 vector (Invitrogen) with a N-terminal FLAG tag and a C-terminal His 10 tag. The ABCA1 mutants were generated with a standard two-step PCR-based strategy. The recombinant ABCA1 was expressed using the pFastBac baculovirus system (Invitrogen). Forty-eight hours after viral infection, the Sf9 insect cells (Invitrogen) were collected and resuspended in the buffer containing 25 mM Tris pH 8.0, 150 mM NaCl and protease inhibitor cocktails (Amresco). After sonication on ice, the membrane fraction was solubilized at 4 C for 2 hr with 1% (w/v) n-dodecyl-b-D-maltoside (DDM, Anatrace) and 0.2% cholesteryl hemisuccinate (CHS, Anatrace). After centrifugation at 25,000 g for 45 min, the supernatant was collected and applied to anti-Flag M2 affinity resin (Sigma). The resin was rinsed with the wash buffer (W1 buffer) containing 25 mM Tris pH 8.0, 150 mM NaCl, 0.06% digitonin (w/v), and protease inhibitors. The protein was eluted with the W1 buffer plus 200 mg/ml FLAG peptide. The eluent was then applied to the nickel affinity resin (Ni-NTA, QIAGEN). The nickel resin was rinsed with W1 buffer plus 20 mM imidazole. The protein was eluted from the nickel resin with the W1 buffer plus 250 mM imidazole. The eluent was then concentrated and further purified by size-exclusion chromatography (Superose 6, GE Healthcare) in the buffer containing 25 mM Tris pH 8.0, 150 mM NaCl and 0.06% digitonin. The peak fractions were pooled and concentrated for EM analysis.
ATPase activity assay
The ABCA1 proteins in digitonin micelles used for ATPase activity assay were purified as mentioned above. The ABCA1 proteins in the CHS-supplemented DDM micelles for ATPase activity assay were purified similarly, except that digitonin was replaced by 0.05% DDM plus 0.01% CHS in the purification procedures. The ATPase activity was measured using QuantiChrom ATPase/GTPase assay kit (BioAssay Systems). The protein concentrations for the assays ranged from 0.03 to 0.1 mg/ml. All reactions were performed using the reaction buffer from the assay kit plus 1 mM DTT in the presence of the indicated ATP concentrations. Reactions were carried out at 37 C for 30 min and stopped by addition of the reagent from assay kit. The mixture was incubated for 30 min at room temperature before the activity was measured by monitoring the increase of absorbance at 620 nm. Nonlinear regression to the Michaelis-Menten equation and statistical analysis were performed using GraphPad Prism 5.
Sample preparation and cryo-EM data acquisition
The cryo grids were prepared using FEI Vitrobot Mark IV. An aliquot of 3.5 ml purified ABCA1 protein at concentration of approximately 10 mg/ml was applied to glow-discharged Quantifoil (1.2/1.3) 300 mesh Cu grid. After being blotted with filter paper for 4.0 s, the grid was plunged into liquid ethane cooled with liquid nitrogen. A total of 7,576 micrograph stacks were semi-automatically collected with UCSF Image4 on Titan Krios at 300 kV equipped with Gatan K2 Summit at a nominal magnification of 22,500X with a defocus range of À1.7 to À2.6 mm. Each stack was exposed for 8 s with an exposing time of 0.25 s per frame, resulting in 32 frames per stack. The total dose rate was about 50 e -/Å 2 for each stack. The stacks were first motion corrected with MotionCorr and binned 2-fold, resulting in a pixel size of 1.307 Å /pixel. The output stacks from MotionCorr were further motion corrected with MotionCor2 (Zheng et al., 2016) , meanwhile dose weighting was performed (Grant and Grigorieff, 2015) . The defocus values were estimated with Gctf (Zhang, 2016).
Image processing A total of 3,078,933 particles were autopicked with RELION 1.4 (Scheres, 2012a (Scheres, , 2012b (Scheres, , 2015 or 2.0 (Kimanius et al., 2016) . After 2D classification, a cylinder-like initial model was generated from a side view 2D class average with relion_reconstruct. And a total of 1,574,535 particles were selected from 2D classification and subjected to a global angular search 3D classification with one class and 40 iterations. Then the results of 35th $40th iterations were subjected to local angular search 3D classification with 3 classes. A total of 1,209,042 particles were combined from the good classes of local angular search 3D classification. The handedness of the 3D reconstruction was checked and corrected. Then three cycles of skip alignment 3D classification with an adapted mask were performed and 930,671 particles were combined from the good classes. These particles were applied for auto-refinement resulting in a 3D reconstruction with an overall resolution of 4.2 Å . Lastly, the ''random-phase 3D classification'' method (Gong et al., 2016) was applied to get rid of bad particles and 790,156 particles are left to result in a 4.1 Å reconstruction with an adapted soft mask. In order to increase the map quality, an ECD soft mask was performed, resulting in a nominal resolution of 3.9 Å . All auto-refinements were performed with RELION 2.0. The resolution was estimated with the gold-standard Fourier shell correlation (FSC) 0.143 criterion (Rosenthal and Henderson, 2003) . The final resolution was reported with a soft mask to rule out the featureless regions. However, the artifactual effect of the mask on FSC curves is well known: multiplying any real-space density by application of a mask is equivalent to convolution of the transform of the original density with that of the mask. So the FSC curves
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